Abstract: Thermal modification is the most important commercial modification procedure. Thermally modified (TM) wood has improved durability, but its performance does not meet expectations predominately under moist conditions. To reduce water uptake of TM wood, Norway spruce specimens were treated with suspensions of a natural wax by dipping impregnation (DipI) or by vacuum-pressure impregnation (VPI). Wax-treated specimens were subsequently TM at 185, 200, 215, and 230°C. Control specimens were heated up to 100°C only. Contact angle (CA), short-term and long-term water uptake, bending strength, and performance against wood decay fungi of the resulting material were determined. The results show that a combination of wax treatment and thermal modification have a synergistic effect that considerably improves hydrophobicity, reduces liquid water uptake, slows down water vapor uptake, and improves the resistance against fungal decay of the treated material.
Introduction
Wood is one of the most important building materials. The fact that the majority of European wood species have non-durable wood limits the use of wood in outdoor applications. To improve this situation, proper protection measures are needed. In the past, biocidal products were preferred for this purpose (Pernak et al. 2005 ) but nowadays non-biocidal solutions are preferred. There are several biocide-free modifications available on an industrial scale (Himmel and Mai 2016) . One of the best-established techniques is thermal modification (Willems et al. 2015) . Based on the data of Welzbacher and Scheiding (2011) , between 250 000 and 300 000 m 3 of thermally modified (TM) wood is produced annually in Europe. TM wood performs well in less-exposed applications, where wood is not too often in contact with liquid water (e.g. façades application), because its performance against liquid water is less satisfactory than against water vapor. Thermal modification in ground contact or in severe above-ground application (use class 3.2 or higher according to EN 335, CEN 2013 ) with many moisture traps does not meet the specifications of the producers . Field studies revealed that the water uptake of TM wood creates favorable conditions for fungal and (sometimes) for bacterial growth (Van Acker et al. 2015) . This could be due to increased porosity (Biziks et al. 2016) . Thus, the further improvement of TM wood is still a challenge. Salman et al. (2014) investigated the combination of TM wood with various biocidal solutions but this approach is not in line with environmentally friendly applications. The inclusion of water repellent additives into preservative treatments is more environmentally benign, which improves the physical performance of treated wood and minimizes checking and splitting of impregnated wood in service (Rowell and Banks 1985; Zahora 1991; Christy et al. 2005) . Such treatments lower the moisture content (MC) of treated wood in water submersion tests (Donath et al. 2007) .
Waxes, particularly paraffin waxes, as water repellents are well suited for wood protection (Schultz et al. 2007 ). They reduce the rate of water uptake and improve dimensional stability of wood in a moist environment (Kaldun et al. 2016; Sedighi Moghaddam et al. 2016) . The stable montan and carnauba waxes, as naturally occurring waxes, are able to form thin films and are two candidates for wood preservation. Waxes in general are almost non-toxic and they are used, for example, for fruit treatment. Montan wax is a fossilized vegetable wax extracted from lignite and is a mixture of chemical compounds such as waxes, resins, and asphaltic substances. The esters of long-chain acids with long-chain alcohols and free longchain acids are predominant among the components, while free wax alcohols or ketones, paraffins or terpenes occur in small quantities (Matthies 2001) . It is soluble in many organic solvents, particularly aromatic or chlorinated hydrocarbons, even under moderate heating. There are several commercial applications based on wax treatments on the market (Berninghausen et al. 2006) .
The aim of the present study was to improve moisture performance of TM wood in a combination of wax treatment. Wax can be applied to wood in melted form (Brischke and Melcher 2015) , diluted in organic solvents or in the form of emulsions or suspensions . The main advantage of suspensions is that impregnation can take place at lower temperatures in simple autoclaves and the wax demand is low. For a hydrophobic surface produced by means of wax, the wood must be heated above the wax melting point . Under these circumstances, wax on the surface acts as a semi-permeable membrane, which prevents liquid water uptake but enables water vapor diffusion. Hence, wax treatment does not influence the equilibrium moisture content (EMC) of the wood; it only slows down water vapor diffusion. From the economical point of view it is preferable to apply wax to wood before thermal modification. Preliminary studies indicated that this approach resulted in more hydrophobic surfaces than wax application after thermal modification. The main aim of this study was to determine the performance of wax-treated and subsequently TM wood against wood decay fungi and moisturizing. In parallel, the mechanical properties of wax-treated and TM wood should also be determined.
Materials and methods
Norway spruce (Picea abies) specimens were cut to final dimensions prior to impregnation and modification. All specimens were made from the same plank. The wood was free of visual signs of defect and discoloration. Prior to further processing, samples were conditioned under laboratory conditions. Impregnation procedure: The commercially available Montan wax (Montax 50, Romonta, Germany) was selected for impregnation. The original emulsion was diluted with deionized water to achieve 2.5 and 5.0% concentration. Two impregnation processes were tested: 30 min of immersion (dipping impregnation, DipI) and vacuum-pressure impregnation (VPI). The latter was performed according to the full-cell process in a laboratory impregnation setup (Kambič, Semič, Slovenia). It consisted of 30 min of vacuum (1.0 × 10 4 Pa), 40 min of pressure (10 × 10 5 Pa), and 10 min of vacuum (1.5 × 10 4 Pa). Wax uptakes were subsequently determined gravimetrically. The impregnated specimens were conditioned for 2 weeks prior to thermal modification. Non-impregnated specimens served as controls. Thermal modification was performed according to the Silvapro ® commercial procedure (Rep et al. 2012) . Samples of the final dimension were TM at 185, 200, 215 and 230°C. Control specimens were only heated up to 100°C during the drying procedure. The time of thermal modification at the target temperature was 3 h and mass loss (ML) of the samples after thermal modification was determined gravimetrically. The TM samples were stored in the laboratory for 4 weeks [23°C; 65% relative humidity (RH)]. The contact angles (CAs) of distilled water were determined by the sessile drop method on the surfaces of the specimens (25 T × 15 R × 50 A mm 3 ) (tangential, radial, axial) with a Theta Optical Tensiometer (Biolin Scientific Oy, Tietäjäntie 2, FIN-02130 Espoo, Finland). For calibration of the goniometer microscope, a steel ball was used with a precise diameter of 4.000 mm. Droplets of 4 μl were applied at three different locations on each specimen, 10 mm apart from each other, on the radial surface (regardless of earlywood or latewood). Image recording was set for 62 s (15 frames per second, FPS), the start of recording time was determined by the first image of a self-supporting drop on the substrate. CAs were determined by computer-aided analysis [OneAttension, Version 2.4 (r4931), Biolin Scientific, Espoo, Finland, using the Young-Laplace CA analysis mode] of the shapes of the liquid drops, as observed in an optical goniometer and recorded by a digital camera installed in axial extension of the lens. Three measurements on five specimens were performed at 23°C, and the data were averaged.
Short-term water uptake was measured according to the modified EN 1609 (CEN 1997) procedure, in a tensiometer device (Krüss Processor Tensiometer K100MK2, Hamburg, Germany) at room temperature (r.t., 23°C), and at RH of 65±5%. Sample dimensions: 25 T × 15 R × 50 A mm 3 ; the total number of specimens was 125 (five replicates per treatment with 25 treatments). The water uptake was measured from the axial surfaces; the mass of partially immersed (0.5 mm) samples was recorded every 2 s for a period of 200 s. The results are presented as the mass of water uptake per immersed area of the specimen (g mm -2 ). Other parameters are: velocity before contact, 6 mm min -1 ; sensitivity of contact, 0.005 g; and depth of immersion, 0.5 mm. In total, tensiometer measurements were performed on five replicate specimens.
For determination of long-term liquid water uptake, a total of 125 specimens (five replicates per treatment) with the same dimensions described above were prepared. Conditioned specimens were immersed in distilled water (all surfaces exposed, no end seal) and the mass of the specimens was determined prior to immersion, after 1 h and after 24 h of immersion. The results are presented as MC (the initial mass is the dry mass of treated specimens before exposure to water).
Water vapor sorption experiments were performed on the same specimens as short-term and long-term water uptakes. Before exposure, samples were oven-dried for 3 days at 60°C. Five replicate specimens, treated according to the same procedure, were conditioned in a chamber with 98-100% RH. The mass of the specimens was determined after 24 h and after 3 weeks of conditioning. The results are reported as average MC.
Modulus of elasticity (MoE) and modulus of rupture (MoRbending strength) were determined according to the EN 310 (CEN, 1993) procedure, with a static three-point bending test on a Zwick Z005 universal testing machine (Zwick-Roell). In total, 175 test specimens (seven parallel specimens for each treatment, for 25 different treatments) with dimensions 100 A × 20 T × 5 R mm 3 were prepared and oven-dried prior to testing. Drying was needed to equalize MC of the TM specimens to improve comparability of the results (Tukiainen and Hughes 2016) . It is presumed that TM samples would perform better due to lower MC compared to control specimens. Specimens were therefore tested for MoE and MoR immediately after drying, as soon as the samples cooled down to r.t.
The decay test was performed according to the modified EN 113 (CEN 2006) standard. Experimental jars (Ø = 95 mm, h = 65 mm) containing 50 ml of 4% potato dextrose agar were inoculated with three different fungi: white rot (Trametes versicolor) and two brown rots (Gloeophyllum trabeum and Antrodia vaillantii). A plastic mesh was used to avoid direct contact between the samples and the medium. The assembled test dishes were then incubated at 25°C and 90% RH for 16 weeks. Specimens (25 T × 15T R × 50 A mm 3 ) were prepared and each combination of TM wood was tested with five parallel specimens for each fungus (375 specimens in total). After incubation, fungal mycelium was removed from the specimens and weighed for MC calculation. After 24 h of drying at 103°C, the ML of dry specimens was determined gravimetrically. The materials were classified to various durability classes based on the classification proposed in CEN/TS 15083-1 (2005).
Differential scanning calorimetry (DSC) measurements were performed in a high-pressure differential scanning calorimeter HP DSC 1 (Mettler Toledo) equipped with pined 40-μl aluminum crucibles. The first sample of air-dried wax emulsion, with a mass of 24.7 mg, was heated from 25 to 350°C at a heating rate of 10 K min -1 . The second sample of air-dried wax emulsion, with a mass of 8.21 mg, was preheated at 120°C for 1 h and cooled down and then again heated from 25 to 350°C at a heating rate of 10 K min -1
. An empty crucible served as reference. Analysis of the wax was performed in a dynamic N 2 atmosphere under normal pressure.
Results and discussion

Wax retention and mass loss (ML) after thermal modification
The visual appearance of wax-treated and TM wood was similar to ordinary TM wood, where the intensity of the brown color increases with increasing modification temperature (González-Peña and Hale 2009). Two impregnation procedures were applied: DipI and VPI. Wax retention (determined gravimetrically) represents the amount of wax that remained in the wood after impregnation. As expected, VPI resulted in much higher values (7.8 kg m (Table 1) . Compared to retentions of melted paraffin waxes, this approach is considerably more economical. Brischke and Melcher (2015) reported that melted wax-treated specimens retained between 130 and 180 kg m -3 of wax. Esteves et al. (2014) also reported similar values. The significantly lower wax retentions in the present paper should be taken into consideration when comparing the data.
After impregnation, samples were TM. TM 185°C samples lost on average 2.4% of the initial mass, and the TN 230°C specimens lost 11.3% of initial mass (Table 1) . These MLs are in line with the literature data (Brischke et al. 2014) . Wax treatment prior to thermal modification does not have a major influence on ML. During modification, there was no bleeding of wax from wood even at higher temperatures. Differences in ML after thermal modification originate in the inhomogeneity of the samples and uneven temperature distribution in the modification chamber. Statistical analysis does not prove any influence of wax impregnation on ML after thermal modification. This was also confirmed by the DSC results. In practical application of this technology, the wood samples should have their final dimensions before impregnation and thermal modification.
DSC analysis
Based on the DSC profiles, the wax-heating process consists of several endothermic reactions (Figure 1 ). Nonpreheated wax had two initial endothermic peaks, at 42°C and 59°C, followed by a broader endothermic reaction with two peaks, at 106°C and 121°C. The latter two peaks were not present after wax was preheated at 120°C for 1 h but the initial peaks were present at very similar temperatures (44°C and 61°C). Probably, the analyzed wax is a mixture of two different components. The first two peaks are for the melting of paraffin (Knuutinen and Norrman, 2000; Gönen et al. 2008) , which occurred again after preheating. The following endothermic reaction, which occurred only with non-preheated samples, represents the melting of the wax. The melting did not occur with the already molten sample preheated to 120°C, which was then cooled and reheated. Thermal decomposition of the analyzed wax was not observed below 350°C.
Contact angle (CA)
The CA data presented in Table 1 shows that even untreated Norway spruce has a fairly hydrophobic surface. The CA determined on Norway spruce was 123.6° after 1 s, and then it slightly decreased to 116.1° after 55 s. The interpretation is the smoothness of the surfaces because of planning with sharp tools. Thermal modification did not result in higher CAs. Wang et al. (2015) reported similar observations on Table 1 : Influence of Norway spruce treatment by dipping impregnation (DipI) and vacuum-pressure impregnation (VPI) and subsequent thermal modification on the parameters: mass losses after thermal modification, water contact angle (CA), rapid water uptake (tensiometer), long-term water uptake (after 1 h and 24 h dipping), moisture content (MC) after 24 h and 3 weeks of conditioning, and modulus of elasticity (MoE) and modulus of rupture (MoR -bending strength). southern yellow pine. The CA of Norway spruce TM 230°C was 114°. Previous wax impregnation improved the hydrophobicity. When DipI and VPI treatments were compared, a less prominent effect was noted with DipI prior to modification. It seemed that the wax content on the surface was fairly low and most of the wax penetrated into the samples during the thermal modification procedure. A more prominent effect of wax on the CA was observed in case of VPI prior to thermal modification. The most hydrophobic surfaces were determined with TM 100°C or TM 185°C specimens. CAs determined on the surface of wax-treated and TM Norway spruce remained constant during the 55-s observation time (Table 1) . This is very important from a practical point of view. Droplets that remain on the surface can drip off the wood and not contribute to MC increment.
Short-and long-term water uptake
The time for short-term water uptake measurements is 200 s, while that for CA observation is 55 s and these data reflect wood properties at different levels. CA measurements were determined on T/R surfaces, while the former are performed only on the axial surfaces. These are the most important entry points for water in wood, and as such deserve special attention. Table 1 shows decreasing short-term water uptake data with increasing degree of modification. The highest value after 200 s was seen on the control wood (0.157 g cm -2 ), while TM 230°C specimens performed best (0.045 g cm -2 ). Humar et al. (2014) presented similar data. Wax treatments were surprisingly effective, regardless of the subsequent thermal modification temperature. The Norway spruce wood tracheids were completely blocked with wax, preventing any liquid water uptake, which resulted in minimal (even negative) values of water uptake (Table 1) , thus a correlation between CA and short-term water uptake cannot be determined. A better correlation existed between short-term and long-term water uptake because both properties are based on capillary water uptake. Water uptake was determined after several periods, between 1 and 72 h; however, only results after 1 and 24 h are reported. Also here, the water uptake was lowered as a function of the degree of thermal modification. The MC of control specimens after 1 h immersion was 28.5%, while a considerably lower MC (7.4%) was determined after 1 h of immersion and TM 230°C . A similar influence of thermal modification temperature was seen after 24 h of immersion. This is in line with previous laboratory observations (Table 1) (Notley and Norgren 2010; Pfriem et al. 2010 ). However, these results are in contradiction to field studies (Van Acker et al. 2015) , when decreased hydrophobicity occurs after longer periods of weathering. A combination of wax and thermal modification performs have a synergistic effect on the long-term water uptake. The wax concentration and the method (DipI or VPI) did not have a significant influence on water uptake. One of the possible reasons for this is that the wax did not penetrate deeply into the wood, with the exception of the axial direction , which resulted in a comparable effect of the wax on the capillary uptake. The influence of wax treatment on reduced MC during long-term water uptake was more evident with specimens TM low temp than those of TM high temp . In the latter case, wood is hydrophobic from the very beginning and thus there is less room for further improvements. For example, the average MC of wood of wax-treated control specimens after 1 h of water immersion was 18% lower (10.5%) than that of non-treated controls (28.5%). However, the average MC difference between wax-treated and non-treated Norway spruce wood at TM 185°C was 6.0%, and only 1.9% in case of TM 230°C . A positive effect of wax treatment on water uptake was also evident after 24 h of water immersion (Table 1) . In contrast to short-term water uptake and MC determined after 1 h immersion, the wax treatment procedure was reflected in the MC difference after 24 h of water immersion. For example, VPI specimens treated with wax prior to thermal modification performed better than DipI specimens. This was the most evident in case of TM 230°C . After 24 h of immersion, the MC of modified, non-treated specimens reached 39.8%, but the MC of VPI specimens reached only 15.5% MC, while the MC of DipI specimens was 19.4% (Table 1) . Obviously, a higher amount of wax uptake in the former case is a more effective barrier for liquid water. A low MC below a critical point protects wood from decay. Wax modified and TM wood has lower MCs than the TM wood (Meyer et al. 2016) .
Sorption properties
Two types of sorption tests were performed. In the first, the MC of specimens was determined after 24 h of exposure in a chamber with 100% RH, which is an indicator of the velocity of water vapor absorption. In the second experiment, the MC was determined after 3 weeks of exposure, when the specimens reached EMC. The data presented in Table 1 shows that the MC of long-time-exposed samples decreased with increasing thermal modification temperature, similarly to data reported by Olek et al. (2013) . This is true for both wax-treated and non-treated specimens. The final MC of control specimens was 27.3%, while the MC of TM 230°C specimens reached only 17.4% MC. The final MC of wax-treated specimens was slightly lower, but this is mainly the result of wax uptake, which contributed to the mass increase but did not contribute to the sorption properties (wax does not react with wood). The effect of wax on water vapor uptake is evident from the MC determined after 24 h. DipI samples have comparable MCs to non-treated specimens. However, the MC of VPI specimens was considerably lower. In the first 24 h of conditioning, waxes had an even more prominent influence on MC than the thermal modification (Table 1) . Clearly, waxes can act as a barrier that slows down water vapor diffusion, if applied in sufficient quantities.
Mechanical properties
Specimens were oven-dried before testing. Conditioning in a standard climate would result in various MC due to various degrees of modification and this would aggravate the interpretation of the results. As generally accepted (Militz and Altgen 2014) , MoR and MoE are decreasing with increasing thermal modification temperature. This is also evident from the data presented in Table 1 . This phenomenon is well explained and discussed in the literature (Welzbacher and Scheiding 2011; Rep et al. 2012; Militz and Altgen 2014) . Due to the fairly high variability of the specimens, the data should be interpreted with caution. In general, wax treatment did not decrease mechanical properties. If all measurements are taken into consideration, slightly higher MoE and MoR data are observed on wax-treated specimens. Thus, wax treatment could have even a slight positive effect on mechanical properties.
Resistance against wood-destroying fungi
Results of durability testes are reported as average ML after fungal exposure (Table 2 ) and as estimation of the corresponding durability classes (Table 2 ) (CEN/ TS 15083-1 2005) . In durability studies, TM wood is usually considered as a new material and is classified accordingly to durability classes similarly as the classification of new wood species. It is known that TM wood has lower durability than wood treated with biocides, but in spite of that TM wood has several potential applications under less-exposed conditions (Welzbacher and Scheiding 2011) . The highest ML was evident with control specimens exposed to G. trabeum (44.3%), followed by T. versicolor (29.2%) and A. vaillantii (18.0%). Although it seems that A. vaillantii is the least active, this fungus was chosen as it is fairly effective in degrading treated wood. This is also evident from the data presented in Table 2 , in which wax-treated control specimens were more degraded than control specimens. The highest ML of specimens exposed to this fungus was determined on DipI wood of the lowest concentration (43.6%). In order to stop fungal growth, specimens must be submitted to TM 230°C or higher. All TM 230°C specimens can be classified as very durable (durability class 1, DC 1) according to CEN/TS 15083-1 (2005) . See also similar data reported by Rep et al. (2012) , Militz and Altgen (2014) , and Gao et al. (2016) . Accordingly, wax improves the performance of wood specimens against wood decay fungi. This is well pronounced in case of TM 215°C specimens. Specimens without wax treatment were classified as durable (DC 2) (A. vaillantii and T. versicolor) or moderately durable (DC 3) (G. trabeum). Impregnation with waxes works synergistically with thermal modification. Parallel specimens that were wax-impregnated followed by TM 215°C can reach the durability class of DC 1 (very durable) (G. trabeum and T. versicolor), with the exception of specimens exposed to A. vaillantii, which led to durability classes of DC 2 and 3.
Conclusions
Wax treatment prior to thermal modification proved to be effective. DSC studies showed that the wax remained in the wood after thermal modification. VPI and DipI resulted in similar hydrophobic effects. Despite the fairly low quantities of wax applied, the hydrophobicity of the wood improved significantly, as determined by CA measurements. Furthermore, wax treatment acted synergistically with thermal modification, resulting in reduced short-term and long-term water uptakes. Wax treatment did not reduce the bending strength or MoE. The synergistic effect between thermal modification and wax treatment was also manifest in improved durability against wood decay fungi. The combination of wax treatment and subsequent thermal modification provides a new material, which can overcome some drawbacks of TM wood.
This concept is being further tested in ongoing field trials.
